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1
ORGANIC COMPOUND AND
PHOTOVOLTAIC DEVICE COMPRISING THE
SAME

FIELD OF THE INVENTION

The present invention relates generally to the field of
organic chemistry and particularly to an organic compounds
and photovoltaic devices intended for transforming energy of
light and, specifically, for converting solar energy into electric
energy.

BACKGROUND OF THE INVENTION

Development of solar cells or photovoltaic (PV) devices
based on organic materials has become an important research
field with substantial application perspectives. Features of
these devices such as versatility and compatibility with flex-
ible substrates combined with low-cost and large-area pro-
duction provide them with advantages compared to conven-
tional inorganic silicon-based solar cells. Among various
organic semiconductors, liquid crystals (LCs) forming 2D
columnar structures (see, C. Destrade, P. Foucher, H. Gaspar-
roux, N. H. Tinh, A. M. Levelut, J. Malthete, Mol. Cryst. Ligq.
Cryst. 1984, 106, 121) are promising materials for PV appli-
cations (see, L. Schmidt-Mende, A. Fechtenkétter, K.
Miillen, E. Moons, R. H. Friend, J. D. MacKenzie, Science
2001, 293, 1119). In spite of much effort, the realization of
efficient organic solar cells remains a major scientific chal-
lenge. There is a known photovoltaic converter based on
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-p-phenylenevi-
nylene) (MEH-PPV) copolymer and a perylene-phenyl-
ethyl-imide derivative (PPEI) (see J. J. Dittmer et al., Syn-
thetic Metals, Vol. 102, 879-880 (1999)). In this system,
MEH-PPV acts as a hole acceptor, and PPEI acts as an elec-
tron acceptor (hole donor). Excitons which are photogener-
ated in the organic semiconductor subsequently decay into
free charge carriers (electrons and holes) at the interface
between the donor and acceptor components. Introduction of
PPEI significantly increases the external quantum efficiency
of photovoltaic devices employing this system. The PPEI
particles are distributed in the MEH-PPV matrix volume over
a distance equal to the exciton diffusion length (~9 nm). Thus,
a charge separation is stimulated in thin-film MEH-PPV
structures in presence of PPEL

Another known photovoltaic cell comprises the first layer
of an organic electron donor material in contact with the
second layer made of an organic electron acceptor material
(Klaus Petritsch, PhD Thesis, “Organic Solar Cell Architec-
tures”, Cambridge and Graz, July 2000, Chapter 4, Double
Layer Devices, p. 67). These electron donor and electron
acceptor materials are capable of absorbing light in a wave-
length range from 350 to 1000 nm, and these materials are
capable of forming a rectifying junction when contact with
each other. The cell is provided with electrodes forming
Ohmic contacts at least with a part of the surface of organic
layers. A distinctive feature of said photovoltaic cell is that the
organic materials employed contain organic compounds with
generally planar polycyclic nuclei. These compounds are
capable of forming a layer structure of a total thickness not
exceeding 0.5 micron.

Organic layers of the above referenced materials do not
possess crystalline structure which is a disadvantage for the
photovoltaic devices. For this reason the mobility of electrons
and holes in these layers is much lower as compared to that in
the same bulk crystalline materials. As a result, electrons and
holes do not leave the active region of a semiconductor struc-
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ture during the exciton lifetime and recombine. Such elec-
tron—hole pairs do not contribute to the photocurrent, and the
photovoltaic conversion efficiency decreases. In addition, a
decrease in the electron and hole mobility leads to an increase
in the resistivity of the material and, hence, in the serial
resistance of the photovoltaic device. This implies increase of
Ohmic losses and additional decrease in the photovoltaic
conversion efficiency. Another disadvantage of the aforemen-
tioned photovoltaic devices is that the non-crystalline mate-
rials possess extremely small diffusion length of photogener-
ated excitons. This requires using photovoltaic structures of
very thin layers of thickness comparable with the exciton
diffusion length, and which also decreases both external and
internal quantum efficiency of the photovoltaic devices.

The disclosed organic compounds and photovoltaic
devices on their base are intended to overcome the disadvan-
tages of the organic compounds and photovoltaic devices of
the prior art.

Definitions of various terms used in the description and
claims of the present invention are listed below.

The term “space group C,,” is illustrated in FIG. 1 and
indicates that a molecule or molecular part has a 2-fold rota-
tion axis AA' and a mirror plane M, parallel to the axis of
rotation. Combination of the 2-fold axis and mirror plane
gives one more mirror plate M, which is parallel to the rota-
tion axis and perpendicular to the first mirror plane M; .

The term “space group D,,” is illustrated in FIG. 2 and
indicates that a molecule or molecular part has two 2-fold
rotation axes AA' and BB' perpendicular to each other and
mirror plane M, perpendicular to one of them. This combi-
nation of the symmetry elements gives two additional mirror
planes M, and M; perpendicular to each other and perpen-
dicular to the initial mirror plane. It also provides one addi-
tional 2-fold axis CC' which is perpendicular to the initial
2-fold axes. An inversion center O is in the center of the
molecular structure.

SUMMARY OF THE INVENTION

The present invention provides an organic compound of the
general structural formula I:

@

where Cor, is a polycyclic core of a first type; Cor, is a
polycyclic core of a second type; B is a bridging group pro-
viding a bond of the polycyclic core Cor,; with the polycyclic
core Cor, via covalent chemical bonds; R* and R* are molecu-
lar groups providing solubility of the organic compound in a
suitable solvent; mis 1,2,3 or4;nis 0,1, 2, 3 or 4; X" and X>
are modifying groups which modify energy levels HOMO
and LUMO of the polycyclic cores Cor,; and Core, accord-
ingly; pis 0, 1, 2; and q is 0, 1, 2. Said organic compound
forms rod-like supramolecules because of m-m-interaction
and absorbs electromagnetic radiation in at least one prede-
termined spectral subrange within a wavelength range from
400 to 3000 nm with excitation of electron-hole pairs. The
polyceyclic core Cor,, bridging group B, and polycyclic core
Cor, form a molecular system Cor,-B-Cor,-B-Cor, selected
from the list comprising donor-bridge-acceptor-bridge-donor
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and acceptor-bridge-donor-bridge-acceptor in which a disso-
ciation of excited electron-hole pairs is carried out.

In a further aspect, the present invention provides a photo-
voltaic device comprising a first and a second electrodes and
at least one photovoltaic layer having a front surface and a
rear surface. Said photovoltaic layer comprises at least one
organic compound having a general structural formula I:

@

where Cor, is a polycyclic core of a first type; Cor, is a
polycyclic core of a second type; B is a bridging group pro-
viding a bond of the polycyclic core Cor, with the polycyclic
core Cor, via covalent chemical bonds; R* and R* are molecu-
lar groups providing solubility of the organic compound in a
suitable solvent; mis 1,2,30r4;nis 0, 1,2, 3 or4; X! and X
are modifying groups which modify energy levels HOMO
and LUMO of the polycyclic cores Cor,; and Cor, accord-
ingly; pis O, 1, 2; q is 0, 1, 2. Said organic compound forms
rod-like supramolecules because of m-m-interaction and
absorbs electromagnetic radiation in at least one predeter-
mined spectral subrange within a wavelength range from 400
to 3000 nm with excitation of electron-hole pairs. The poly-
cyclic core Cor,, bridging group B, and polycyclic core Cor,
form a molecular system Cor,-B-Cor,-B-Cor, selected from
the list comprising donor-bridge-acceptor-bridge-donor and
acceptor-bridge-donor-bridge-acceptor in which a dissocia-
tion of excited electron-hole pairs is carried out. The organic
compound homeotropically aligned in respect to the photo-
voltaic layer surface and the polycyclic cores Cor, and Cor,
assemble into a 7t-w stack of a first type and a m-t stack of a
second type respectively. The stacks of one type realize elec-
tron transport, the stacks of another type realize hole transport
and said stacks are electrically isolated from each other by the
molecular groups R and R?.

In still further aspect, the present invention provides a
photovoltaic layer comprising at least one organic compound
having a general structural formula I:

@

where Cor, is a polycyclic core of a first type; Cor, is a
polycyclic core of a second type; B is a bridging group pro-
viding a bond of the polycyclic core Cor, with the polycyclic
core Cor, via covalent chemical bonds; R* and R? are molecu-
lar groups providing solubility of the organic compound in a
suitable solvent;mis 1,2,3 or4;nis 0,1, 2, 3 or 4; X" and X>
are modifying groups which modify energy levels HOMO
and LUMO of the polycyclic cores Cor; and Cor, accord-
ingly; pis O, 1, 2; q is 0, 1, 2. Said organic compound forms
rod-like supramolecules because t-m-interaction and absorbs
electromagnetic radiation in at least one predetermined spec-
tral subrange within a wavelength range from 400 to 3000 nm
with excitation of electron-hole pairs. The polycyclic core
Cor,, the bridging group B, and the polycyclic core Cor, form
a molecular system Cor,-B-Cor,-B-Cor, selected from the
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list comprising donor-bridge-acceptor-bridge-donor and
acceptor-bridge-donor-bridge-acceptor in which a dissocia-
tion of excited electron-hole pairs is carried out. The organic
compound homeotropically aligned in respect to the photo-
voltaic layer surface and the polycyclic cores Cor, and Cor,
assemble into a 7-w stack of a first type and a m- stack of a
second type respectively. The stacks of one type realize elec-
tron transport, the stacks of another type realize hole transport
and said stacks are electrically isolated from each other by the
molecular groups R and R?.

BRIEF DESCRIPTION OF THE DRAWINGS

These and various other features and advantages of the
present invention will become better understood upon read-
ing of the following detailed description in conjunction with
the accompanying drawings and the appended claims pro-
vided below, where:

FIG. 1 illustrates a space group C,,..
FIG. 2 illustrates a space group D,,.

FIG. 3 shows the cross section of a photovoltaic device
according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The general description of the present invention having
been made, a further understanding can be obtained by refer-
ence to the specific embodiments, which are given herein only
for the purpose of illustration and are not intended to limit the
scope of the appended claims.

The present invention provides the organic compound as
disclosed hereinabove. A solution of the organic compound or
its salt forms a solid photovoltaic layer on a substrate. In one
embodiment of the disclosed organic compound at least one
of'the polycyclic cores is a heterocyclic core. In one embodi-
ment of the disclosed compound, the providing solubility
groups R' and R? are independently selected from the list
comprising —COOH, —SO,H, and —H,PO, for water or
water-miscible solvent; and linear and branched (C,-C;;)
alkyl, (C,-Css)alkenyl, and (C,-C;s)alkinyl, substituted
alkyl, substituted aryl, and any combination thereof for
organic solvent, wherein these groups are connected with the
cores Cor, and Cor, directly or via a spacer selected from the
list comprising aryl, —C(O)—, —C(O)0O—, —C(O)—
NH—, —(SO,)NH—, —O—, —CH,0—, —NH—, >N—,
and any combination thereof. In another embodiment of the
compound, at least one of the bridging groups B is selected
from the list comprising p-phenylene (Ph,) oligomer, where p
is 1,2, 3, 4 or 5; 2,7-oligofluorene (F1)) oligomer, where s is
1,2, 3, or 4, and alkylen groups —(CH,) ~—, where jis 1, 2,
3, or 4. In yet another embodiment of the compound, the
modifying groups X' and X? are independently selected from
the list comprising H, Cl, Br, F, OH, NO,, NO, and NH,. In
still another embodiment of the compound, at least one of the
polycyclic cores Cor, and Cor, comprises hetero-atoms
selected from the list comprising nitrogen, oxygen, sulfur,
and any combination thereof.

In yet another embodiment of the compound, the polycy-
clic core Cor, is selected from the list comprising structures
from 1 to 5 shown in Table 1.
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TABLE 1 TABLE 1-continued

Examples of the polycyclic core Cor,
Examples of the polycyclic core Cor,
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from 6 to 20 shown in Table 2.
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Examples of the polycyclic core Cor,
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TABLE 2-continued

Examples of the polycyclic core Cor;
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TABLE 2-continued

10

Examples of the polycyclic core Cor;

DO00C

OO0
O

Steessess

20

In one embodiment of the disclosed compound, the core 35

Cor, possesses symmetry of the C,,, or D, space groups, and
the core Cor, possesses symmetry of the D, space group. In
another embodiment of the disclosed compound, the molecu-
lar system Cor,-B-Cor,-B-Cor, possesses a symmetry of the

D,,;, space group. In one embodiment of the compound, the 40

energy levels of donors are correlated with energy levels of
acceptor according to the following equations:
HOMO ,<HOMO,<LUMO -1 ¢V and LUMO ,<LUMO,,.

In another embodiment of the present invention, perylene
diimide serves as the acceptor core Cor,, the bridging group
B is selected from the list comprising phenyl and biphenyl,
and the energy levels HOMO,, and LUMOy, of donor cores
Cor, satisfy to the following conditions —6.0 eV<HOMO <~
5.5eV and -4.0 eV<LUMO,,.

In another embodiment of the present invention, the
organic compound is selected from the list comprising struc-
tures from 21 to 26 shown in Table 3.

TABLE 3

Examples of the organic compound according to the present invention
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TABLE 3-continued

Examples of the organic compound according to the present invention
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TABLE 3-continued

Examples of the organic compound according to the present invention

OR, OR| OR; OR; 25
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where R, R, and R, are linear and branched (C,-C;)alkyl, list comprising aryl, —C(O)—, —C(O)0O—, —C(O)—

(C,-Cs5)alkenyl, and (C,-C;5)alkinyl, substituted alkyl, sub-
stituted aryl, and any combination thereof and X is Cl or Br.

In yet another embodiment of the disclosed compound, the
suitable solvent is selected from the list comprising water,
water-miscible solvent, ketones, carboxylic acids, hydrocar-
bons, cyclohydrocarbons, chlorohydrocarbons, alcohols,
ethers, esters, and any combination thereof.

The present invention also provides the photovoltaic
device as disclosed hereinabove. In one embodiment of the
disclosed photovoltaic device, at least one of the polycyclic
cores Cor, and Cor, is a heterocyclic core. In another embodi-
ment of the disclosed photovoltaic device, the providing solu-
bility groups R* and R? are independently selected from the
list comprising —COOH, —SO;H, and —H,PO; for water
or water-miscible solvent; and linear and branched (C,-C;5)
alkyl, (C,-Cj5)alkenyl, and (C,-C,s)alkinyl, substituted
alkyl, substituted aryl, and any combination thereof for
organic solvent, wherein these groups are connected with the
cores Cor, and Cor, directly or via a spacer selected from the

50
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NH—, —(SO,)NH—, —O—, —CH,0—, —NH—, >N—,
and any combination thereof. In yet another embodiment of
the disclosed photovoltaic device, at least one of the bridging
groups B is selected from the list comprising p-phenylene
(Ph,,) oligomer, where p is 1, 2, 3, 4 or 5; 2,7-oligofluorene
(F1,) oligomer, where s is 1, 2, 3, or 4; and alkylen groups
—(CH,) —, where jis 1, 2, 3, or 4. In still another embodi-
ment of the disclosed photovoltaic device, the modifying
groups X' and X? are selected from the list comprising H, CI,
Br, F, OH, NO,, NO, and NH,. In one embodiment of the
disclosed photovoltaic device, at least one of the polycyclic
cores Cor, and Cor, comprises hetero-atoms selected from
the list comprising nitrogen, oxygen, sulfur, and any combi-
nation thereof. In still another embodiment of the disclosed
photovoltaic device, the polycyclic core Cor, is selected from
the list comprising structures from 1 to 5 shown in Table 1. In
one embodiment of the disclosed photovoltaic device, the
polyeyclic core Cor, is selected from the list comprising
structures from 6 to 20 shown in Table 2. In another embodi-
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ment of the disclosed photovoltaic device the polycyclic core
Cor, possesses a symmetry ofthe C, ,or D, space group, and
the Cor, possesses a symmetry of the D,,, space group. In yet
another embodiment of the disclosed photovoltaic device, the
molecular system Cor,-B-Cor,-B-Cor, possesses a symme-
try of the D,, space group. In another embodiment of the
disclosed photovoltaic device, the energy levels of donors are
correlated with energy levels of acceptor according to the
following equations: HOMO ,<HOMO ,<[LUMO ;-1 eV and
LUMO <LUMO,,. In yet another embodiment of the photo-
voltaic device, perylene diimide serves as the acceptor core
Cor,, the bridging group B is selected from the list compris-
ing phenyl and biphenyl, and the energy levels HOMO,, and
LUMOy, of donor cores Cor, satisty to the following condi-
tions —6.0 eV<HOMO,,<-5.5 eV and -4.0 eV<LUMOy,. In
yet another embodiment of the photovoltaic device, the com-
pound is selected from the list comprising structures from 21
to 26 shown in Table 3.

In one embodiment of the present invention, the disclosed
photovoltaic device comprises the photovoltaic layer, the first
electrode formed on at least part of the front surface of said
photovoltaic layer, and the second electrode formed on at
least part of the rear surface of said photovoltaic layer. In one
embodiment of the disclosed photovoltaic device, the second
electrode is a reflective electrode for the electromagnetic
radiation incident upon the device. In another embodiment of
the disclosed photovoltaic device, one said electrode is made
of material with work function providing a hole-harvesting
contact and a barrier contact for electrons, and another said
electrode is made of material with work function providing a
barrier contact for holes and an electron-harvesting contact.
In yet another embodiment of the disclosed photovoltaic
device, the electrode material is selected from the list com-
prising metals, ITO (indium tin oxide), carbon nanotube con-
ductive coatings, PEDOT: PSS layers, phthalocyanines, LiF,
and aluminium-doped zinc oxide. In still another embodi-
ment of the disclosed photovoltaic device, one said electrode
comprises an electron-acceptor layer contacting with the pho-
tovoltaic layer, and another said electrode comprises an elec-
tron-donor layer contacting with the photovoltaic layer. In
one embodiment of the present invention, the disclosed pho-
tovoltaic device further comprises a substrate bearing said
electrodes and said photovoltaic layer. In one embodiment of
the disclosed photovoltaic device, the substrate is made of
material selected from the list comprising a polymer and
glass. In another embodiment of the disclosed photovoltaic
device, the substrate is transparent for the incident electro-
magnetic radiation to which said device is sensitive.

FIG. 3 presents a schematic diagram of the disclosed pho-
tovoltaic device, based on a photovoltaic layer (4) located
between the first electrode (1) and the second electrode (2).
The first electrode is made of material with work function
providing a hole-harvesting contact and a barrier contact for
electrons, and the second electrode is made of material with
work function providing a barrier contact for holes and an
electron-harvesting contact. The electrode material may be
selected from the list comprising metals, ITO (indium tin
oxide), carbon nanotube conductive coatings, PEDOT: PSS
layers, phthalocyanines, LiF, and aluminium-doped zinc
oxide. At least one of said electrodes is transparent for the
incident electromagnetic radiation to which said photovoltaic
layer is sensitive so the first electrode shown in FIG. 3 is
transparent. Said photovoltaic layer (4) comprises the homeo-
tropically aligned in respect to the surface of the photovoltaic
layer organic compound which forms rod-like supramol-
ecules. The rod-like supramolecules are formed by means of
m-m-interaction of the single-type polycyclic cores providing
different current-conducting-paths with electron and hole
conductivity respectively. These current-conducting-paths
are electrically isolated among themselves due to the groups
providing solubility of the organic compound. The entire
structure is formed on a substrate (5) and the electrodes are
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connected to a resistive load (3). The substrate is made of
material selected from the list comprising a polymer and
glass.

In one embodiment of the present invention, the photovol-
taic device further comprises two or more said photovoltaic
layers, wherein said photovoltaic layers comprise different
organic compounds having the general structural formula I,
and ensuring absorption of electromagnetic radiation in the
same or different spectral subranges within a wavelength
range from 400 to 3000 nm.

The present invention provides the photovoltaic layer as
disclosed hereinabove. In one embodiment of the disclosed
photovoltaic layer, at least one of the polycyclic cores Cor,
and Cor, is a heterocyclic core. In another embodiment of the
disclosed photovoltaic layer, the providing solubility groups
R! and R? are independently selected from the list comprising
—COOH, —SO;H, and —H,PO; for water or water-mis-
cible solvent; and linear and branched (C,-C;5)alkyl, (C,-
C;5)alkenyl, and (C,-C,5)alkinyl, substituted alkyl, substi-
tuted aryl, and any combination thereof for organic solvent,
wherein these groups are connected with the cores Cor; and
Cor, directly or via a spacer selected from the list comprising
NH—, —O—, —CH,0—, —NH—, >N—, and any combi-
nation thereof. In yet another embodiment of the disclosed
photovoltaic layer, at least one of the bridging groups B is
selected from the list comprising p-phenylene (Ph,) oligo-
mer, where p is 1, 2, 3, 4 or 5; 2,7-oligofluorene (Fl,) oligo-
mer, where s is 1, 2, 3, or 4; and alkylen groups —(CH,) —,
where j is 1, 2, 3, or 4. In still another embodiment of the
disclosed photovoltaic layer, the modifying groups X' and X>
are selected from the list comprising H, Cl, Br, F, OH, NO,,
NO, and NH,. In one embodiment of the disclosed photovol-
taic layer, at least one of the polycyclic cores Cor, and Cor,
comprises hetero-atoms selected from the list comprising
nitrogen, oxygen, sulfur, and any combination thereof. In still
another embodiment of the disclosed photovoltaic layer, the
polycyclic core Cor, is selected from the list comprising
structures from 1 to 5 shown in Table 1. In one embodiment of
the disclosed photovoltaic layer, the polycyclic core Cor, is
selected from the list comprising structures from 6 to 20
shown in Table 2. In another embodiment of the disclosed
photovoltaic layer the polycyclic core Cor, possesses a sym-
metry of the C,, or D, space group, and the Cor, possesses a
symmetry of the D, space group. In yet another embodiment
of the disclosed photovoltaic layer, the molecular system
Cor,-B-Cor,-B-Cor, possesses a symmetry of the D,,, space
group. In another embodiment of the disclosed photovoltaic
layer, the energy levels of donors are correlated with energy
levels of acceptor according to the following equations:
HOMO ,<HOMO,<LUMO -1 eV and LUMO _<LUMOy,,.
Inyet another embodiment of the photovoltaic layer, perylene
diimide serves as the acceptor core Cor,, the bridging group
B is selected from the list comprising phenyl and biphenyl,
and the energy levels HOMO,, and LUMOy, of donor cores
Cor, satisfy to the following conditions -6.0 eV<HOMO ,<-
5.5 eV and -4.0 eV<LUMOy,. In yet another embodiment of
the photovoltaic layer, the compound is selected from the list
comprising structures from 21 to 26 shown in Table 3.

In order that the invention may be more readily understood,
reference is made to the following examples, which are
intended to be illustrative of the invention, but are not
intended to be limiting the scope.

Example 1

The Example describes synthesis of the organic compound
according to the present invention, wherein perylene deriva-
tive (structural formula I) serves as the polycyclic core Cor,,
carbazole (structural formula 19) serves as the polycyclic
core Corl, and phenyl serves as the bridging group B
(Scheme 1).
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The organic compound was synthesized by Sonogashira
reaction wherein 1N,N-bis[3,4-di(hexadecyloxy)benzyl]-1,
7-dibromoperylene diimide is coupled with 9-(4-ethynylphe-
nyl)carbazole.

1. Synthesis of 9-(4-ethynylphenyl)carbazole

a0
¢

(Scheme 2)
Scheme 2
———SiMe3
PdCL(PPhs),,

NEt3, Cul, PPh;

TBAF
McOH, 1,0
SiMe;
3

Procedure: 4
Stage 1:

A mixture of 9-(4-bromophenyl)carbazol (4.9 g, 153
mmol), trimethylsilylacetylene (2.17 mL), triphenylphos-
phine (0.19 g), and Pd(PPh,),Cl, (0.12 g) in 60 mL triethy-
lamine was degassed for 15 min. Reaction mixture was boiled
for 5 min, then Cul (0.12 g) was added. The resulted mixture
was boiled for another 12 hours. A mixture was left at room
temperature until completely cooled down, a precipitate was
filtered out. The filtrate was evaporated on a rotor evaporator,
a residue was purified by column chromatography using hex-
ane as an eluent, and recrystallized from heptane. The yield
was 76%.

Stage 2:

A mixture of carbazole 3 (2.0 g) and tetrabuthylammonium
fluoride in 50 mL of anhydrous THF was stirred at room
temperature for 12 hours, wherein the quantity of tetrabuthy-
lammonium fluoride was selected as three moles of tet-
rabuthylammonium fluoride to one mole of carbazole. The
resulting mixture was treated with 1N HCI (50 mL) and
extracted with ether (2x50 mL). Organic layer was separated
and dried over magnesium sulfate, then a solvent was
removed under reduced pressure and the residue was recrys-
tallized from hexane to produce carbazole 4. The yield of
carbazole 4 was 65%.
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2. Synthesis of N,N-bis[3,4-dithexadecyloxy)ben-
zyl],7-bis[4-(carbazole-9-yl)phenyl-4-ethynyl]
perylene diimide

Synthesis of the organic compound 8 was comprising the
direct coupling of previously obtained diimide 9 with ethy-
nylcarbazole 4 in conditions of Sonogashira reaction
(Scheme 3). The purity of diimide 9 was controlled by TLC,
it was repre01p1tated twice from CHCl;-MeOH system and
measured NMR 'H spectra.

Scheme 3
OC6H33
OC6H33
0, N 0o Q
%QN
‘ Br Pd(0), PPhs, Cul
OO THF, NEt;
@) N O
H33C 160
OC6H33
9
OC 6Hs3
OC\Hz3
@) N
O 0? >N"So
H;33C160
OC 6Hs3
8

Diimide 9 (1.8 g), Pd(PPh,),Cl, (0.23 g), triphenylphosphine
(0.10 g), and Cul (0.06 g) were dissolved in a mixture of NEt,
(40 mL) and THF (60 mL). The resulting solution was
degassed several times and then heated at 60° C. for 20 min.
9-(4-Ethynylphenyl)carbazole (0.8 g) was added to the solu-
tion in one portion under argon atmosphere. Reaction mixture
was heated for 2 hours and then left at room temperature until
completely cooled down. The formed precipitate was filtered
out, dried until the constant weight, reprecipitated from
CHCl,-MeOH system and the recrystallized from CHCI,.
The yield of the organic compound 8 was 1.1 g.
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Example 2

The example describes synthesis of the organic compound
according to the present invention, wherein perylene deriva-
tive (structural formula 1) serves as the polycyclic core Cor,, 5
structural formula 20 serves as the polycyclic core Corl and
phenyl serves as the bridging group B (Scheme 4).

Scheme 4

N/R O N/R

N O O, (0] N O
) Ol )
RO UaloGoOatats
\ )= \
O N (6] (6] O N

C

R = Alkyl
X =1, Cl, Br

40
Synthesis of the Above Referenced Organic

Compound Comprises the Following Steps Scheme 6

1. Synthesis of 3-amino-N-alkyl-carbazole * O O HNGs

9-alkyl-9H-carbazole was synthesized by treatment of car-
bazole with alkyl bromide in the presence of sodium hydride 50
in dimethylformamide (Scheme 5):

H

55
Scheme 5
RBr
B ——
NaH, DMF
60
i 1

R

9-alkyl-3-nitro-9H-carbazole was prepared by treatment of 65
9-alkyl-9H-carbazole with fuming nitric acid in acetic acid
(Scheme 6):

NO,
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3-amino-N-alkyl-carbazole was prepared by hydrogena- -continued
tion in the presence of 10% palladium on activated carbon

powder (Scheme 7):
s Cri)
N

R

NH,

Scheme 7
NO, 10
(1] 2. Synthesis of Dioxazine Dye
—
8,18-dibromo-5,15-dialkyl-5,15-dihydrocarbazolo[3',2":
N 5,6][1,4]oxazino|2,3-b]indolo[2,3-1]phenoxazine (dioxazine
| 15 fragment) was prepared by condensing and cyclizing of

R 3-amino-N-alkyl-carbazole with tetrabromobenzoquinone in
o-dichlorobenzene in the presence of benzenesulfochloride
(Scheme 8):
Scheme 8
(6]
NH,
Br Br
’ O O ) o
N Br Br
| 0
R
Br

NH

Br
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3. Suzuki Coupling

8-bromo-5,15-dialkyl-18-(4-nitrophenyl)-5,15-dihydro-
carbazolo[3',2"  5,6][1,4]oxazino[2,3-b]indolo[2,3-1]phe-
noxazine was synthesized by Suzuki reaction of 8,18-di-
bromo-5,15-dialkyl-5,15-dihydrocarbazolo[3',2":  5,6][1,4]
oxazino[2,3-b]indolo[2,3-i]phenoxazine with
(4-nitrophenyl)boronic acid in 1-methyl-2-pyrrolidinone in
the presence of tetrakis(triphenylphosphine)palladium(0)
(Scheme 9):

Scheme 9

NO,

26

4. Reduction of Nitro-Group

4-(18-bromo-5,15-dialkylyl-5,15-dihydrocarbazolo[3',2":
5,6][1,4]oxazino[2,3-b]indolo[2,3-1]phenoxazin-8-yl)
aniline was prepared by hydrogenation in the presence of
10% palladium on activated carbon powder (Scheme 10):

Scheme 10

5. Assembling of the Organic Compound

Assembling of the organic compound was done by heating
of mixture 4-(18-bromo-5,15-dialkylyl-5,15-dihydrocarba-
zolo[3',2": 5,6][1,4]oxazino|2,3-b]indolo[2,3-1]phenoxazin-
8-yDaniline and 3,4,9,10-perylenetetracarboxylic dianhy-
dride in 3-chlorophenole (Scheme 11):

Scheme 11

O (0] (0]
X
R\
T ©
AL
R
Nk (@) O @]
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-continued
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Example 3

The Example describes synthesis of the organic compound
according to the present invention, wherein perylene deriva-
tive (structural formula 1) serves as the polycyclic core Cor,,
carbazole (structural formula 19) serves as the polycyclic
core Corl, and bipheny] serves as the bridging group B.

1. Synthesis 3,6-didodecanoylcarbazole

Method is based on acylation of carbazole with dodecanoy-
ichloride under Friedel-Crafts conditions (Scheme 12) and
subsequent reduction of two carbonyl groups.

Scheme 12
O
Cl CyHys
N AICL, CS,
1
O O
HasCy O O CiHas
N
H
2
Procedure:

A mixture of carbazole (10 g, 60 mmol) and AICl;, (16.7 g,
127 mmol) in 84 mL of anhydrous CS,, was heated under
stirring at reflux temperature and lauroyl chloride (25.2 mL,
122 mmol) added dropwise. The reaction mixture was heated
at reflux until ceasing of HCI evolution (3 h) and then the
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solvent was distilled off. The following procedure steps con-
tained a treatment of the obtained residue with concentrated
HCl, dilution with water, filtration of the solid product and
washing of the latter on the filter with water. After drying in
the air, the crude material was crystallized from ethanol/
dioxane to give 13.1 g (Yield: 41.1%) of pure colourless 2,
m.p. 179-180° C.

2. Synthesis of 3,6-Didodecylcarbazole

Triethylsilane in trifluoroacetic acid was used for reduction
of both carbonyls. The reaction readily occurs at room tem-
perature overnight (Scheme 13).

Scheme 13
(@] O
Hp3Cyy CyHys ﬂ,
TFA
N
H
2
HasCyy CpiHas
N
H
3
Procedure:

Triethylsilane was added dropwise to the solution of 3,6-
didodecylcarbazole 3 (10 g) in 100 ml of trifluoroacetic acid
at 10° C. The resulting mixture was stirred overnight at room
temperature and then 500 ml water was added. The forming
precipitate was filtered out, washed with water (3x100 ml)
and recrystallized from ethanol to produce 8.0 g of the prod-
uct.
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3. Synthesis of
N-(4-nitro)biphenyl-3,6-didodecylcarbazole

For insertion the p-nitrobiphenyl group into 9-position of
carbazole the Cu(I)-catalyzed coupling in the presence of
potassium phosphate and trans-1,2-diaminocyclohexane for
stabilization the copper(l) was used (Scheme 14).

Scheme 14

o o O Q
I NO,
N NI,
"
3 NI,

Cul, K3POy,
dioxane

HasCra l l L CaHas
N
NO,

4

Procedure:

4-Todo-4'-nitrobiphenyl (7.5 mmole), 3,6-didodecylcarba- 43
zole (9.0 mmol), K,PO, (15.8 mmol), Cul (0.16 mmol) and
trans-1,2-cyclohexane-diamine (0.90 mmol) were added to Scheme 15
1,4-dioxane (100 ml) at room temperature. The reaction mix- HosCa CpaHas
ture was refluxed for 24 hours. After cooling the mixture to >°
room temperature, the dissolved materials were filtered. 1,4-
Dioxane was evaporated, and ethyl acetate was added. The

mixture was washed with distilled water, and dried with -
2

MgSO,. The final product was obtained through column 33 POC.THE

chromatography (hexane:ethylacetate (9:1). White solid
product was obtained (Yield: 90%).

60

4. Synthesis of
N-(4-amino)biphenyl-3,6-didodecylcarbazole
NO,

The hydrogenation of nitrogroup was accomplished using 65 4
palladium/carbon catalysis under hydrogen atmosphere in
tetrahydrofuran (Scheme 15).
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Procedure:

The solution of N-(4-amino)biphenyl-3,6-didodecylcarba-
zole (3.1 g) in 80 ml of anhydrous THF was degassed three
times using argon, then 0.5 g of Pd/C (10%) was added to the

5 solution. The resulted suspension was degassed again and
connected to hydrogen apparatus. The reaction required 8
hours to be completed. The catalyst Pd/C was filtered out and
the filtrate was evaporated to afford crude of product. Purifi-
cation ofthe product was done using column chromatography

10 on silica gel (ethyl acetate:petroleum ether=1:3). The yield
was 2.4 g.

b 5. Synthesis of perylene-based organic compound

with carbazole in apex position

An assembling of the organic compound was performed in
m-chlorophenol (Scheme 16).

Scheme 16

CsHy7

Caas

m-Cl-
Phenol
—_—

benzoic
acid
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Procedure: Procedure:

Amine 5 (1.8 g) was added to a hot (80° C.) solution of
perylene 6 (0.8 g) in 10 ml of m-chlorophenol under argon,
then 10 mg of benzoic acid was added to the resulting solu-
tion. A mixture was stirred at 144° C. for 18 hours (TLC-
control). The hot (50° C.) mixture was poured into methanol
(150 ml), stirred for 2 hours and filtered out. The precipitate
was purified by column chromatography to obtain a pure
product using mixture chloroform/petroleum ether (in rela-
tion to 2.5:1) as eluent. The product was additionally re-
precipitated from methanol-chloroform mixture. The yield of
the organic compound 7 was 0.85 g.

Example 4

The Example describes synthesis of the organic compound
according to the present invention, wherein perylene deriva-
tive (structural formula 1) serves as the polycyclic core Cor,,
carbazole (structural formula 19) serves as the polycyclic
core Corl, and phenyl serves as the bridging group B
(Scheme 1). Synthesis of this organic compound comprises
the following steps:

1. Synthesis of 9-(4-bromophenyl)carbazole
(Scheme 17)

Scheme 17

BrOBr

DMPU, 18-crown-6

N

1 N
Br
2
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A mixture of CUE (1.14 g, 6 mmol), 18-Crown-6 (0.53 g,
2 mmol), K,CO; (16.6 g, 120 mmol), 1,3-dimethyl-3,4,5,6-
tetrahydro-2 (1H)-pyrimidinone (DMPP) (2 mL), dibro-
mobenzene (14.2 g, 60 mmol) and carbazole (10 g, 60 mmol)
was heated at 170° C. for 11 h under nitrogen. After cooling
to room temperature, the mixture was quenched with 1 N
HC, the precipitate was filtered and washed with NH,OH
and water. The grey solid substance was purified with column
chromatography using hexane as eluent. The yield was 62%.

2. Synthesis of 9-(4-ethynylphenyl)carbazole

(Scheme 18)
Swe
Br

Scheme 18

— SiMes

PdCL,(PPhy)s,
NEt;, Cul, PPhy

TBAF

—_—

MeOH, H,O

2‘%‘

SiMe;
3
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Procedure:
Stage 1:

A mixture of 9-(4-bromophenyl)carbazol (4.9 g, 153
mmol), trimethylsilylacetylene (2.17 mL), triphenylphos-

e

O

—Or

36

phine (0.19 g), Pd(PPh;),Cl, (0.12 g) in 60 mL triethylamine
was degassed for 15 min. Reaction mixture was boiled for 5
min, the Cul (0.12 g) was added; the resulted mixture was
additionally boiled for 12 hours. After mixture reached room
temperature, precipitate was filtered out. Filtrate was evapo-
rated on rotor evaporator, a residue was purified by column
chromatography using hexane as eluent and recrystallized
from heptane. The yield was 76%.

Stage 2:

A mixture of carbazole 3 (2.0 g) and 3 equivalents of
tetrabuthylammonium fluoride in 50 mL. of anhydrous THF
was stirred at room temperature for 12 hours. The resulting
mixture was treated with 1N HCI (50 mL) and extracted with
ether (2x50 mL). Eether layer was separated and dried over
magnesium sulfate, then solvent was removed under reduced
pressure and the residue was recrystallized from hexane to
produce carbazole 4 with a 65-% yield.

3. Synthesis of 1,7-bis[4-(carbazole-9-yl)phenyl-4-
ethynyl|perylene dianhydride (Scheme 19)

Scheme 19

Pd(0), PPhy, Cul
THF, NEt;

e

—_
t-BuOH
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Procedure:
Procedure for 5:

A mixture of 2-(ethylhexyl)-amine (5.0 g), N-ethylhexyl-
1,7-dibromoperylene monoimide (5.0 g) and zinc acetate (0.5
g) in 3-methylphenol (30 mL) was heated at 140° C. for 10
hours. A resulted mixture was allowed to reach 20° C. and
poured into 250 mL of 2N HCI. The precipitate was filtered
out, washed with ethanol (100 mL.) and water (100 mL), dried
under vacuum at 100° C. Dried crude of product was addi-
tionally washed with hot iso-propanol (2500 ml) and dried
again as described above. The yield of pure organic com-
pound 1 was 4.8 g.

Procedure for 6:

A mixture of diimide 5 (1.0 g), 9-(4-ethynylphenyl)carba-
zole (1.4 g), triphenylphosphine (0.15 g), Pd(PPh,),Cl, (0.2
g), NEt; (20 mL) in 80 mL. THF was degassed for 15 min.
Reaction mixture was heated for 5 min, the Cul (0.03 g) was
added; the resulted mixture' was additionally heated for 12
hours. After a mixture reached room temperature, precipitate
was filtered out. Filtrate was concentrated to 50 mL on a rotor
evaporator and poured out into a mixture ethanol-water (1:1),
a resulted precipitate was filtered out and then washed with

Peo
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OC\Hz3

OC6H33

NH,

m-Cl-phenol
benzoic acid
145°C.,5h

OC\Hz3

OC6H33
i/
O N

7

hot ethanol (100 mL). Combination of these two precipitates
was additionally washed with hot ethanol (100 mL) and dried
in vacuum at 80° C. for 10 hours to produce the product 6 with
the yield of 0.7 g.

Procedure for 7:

A solution 0f 0.65 g 0f 6, 0.2 g of KOH in 70 ml of t-BuOH
was refluxed for 3 days until TL.C-analysis indicated the full
conversion of starting material. Then mixture was poured into
hot methanol (100 ml), precipitate was filtered out, dried at
100° C. until the constant weight. The yield of the product 7
was 0.4 g.

Procedure for 8:

A mixture of dianhydride 7 (0.4 g), 4 equivalents of 3,4-di
(hexadecyloxy)benzylamine, and 10 mg of benzoic acid in 5
ml of m-Cl-phenol was heated at 145° C. for 3 days. TLC-
analysis did not register any reaction.

Although the present invention has been described in detail
with reference to a particular preferred embodiment, persons
possessing ordinary skill in the art to which this invention
pertains will appreciate that various modifications and
enhancements may be made without departing from the spirit
and scope of the claims that follow.



What is claimed is:
1. An organic compound of the general structural formula

I:

39

US 9,193,727 B2

@

where Cor, is a polycyclic core of a first type, selected from
the list consisting of structures from 6-18 and 20:
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Cor, is apolycyclic core of a second type, selected from the
list consisting of structures from 1 to 3:

O,
—N m
(6]
O,
(6]

B is a bridging group providing a bond of the polycyclic
core Cor,; with the polycyclic core Cor, via covalent
chemical bonds, wherein the bridging group B is
selected from the list consisting of p-phenylene (Ph,)
oligomer, where p is 1, 2, 3, 4 or 5, 2,7-oligofluorene
(F1,) oligomer, where s is 1, 2, 3, or 4, and alkylen groups
—(CH,),—, wherejis 1,2, 3, or 4;

R! and R? are molecular groups that are each independently
selected from list consisting of —COOH, —SO;H,
—H,PO;, linear and branched (C,-C;5)alkyl, (C,-Cs5)
alkenyl, and (C,-C;;)alkinyl, substituted alkyl, substi-
tuted aryl, and any combination thereof;

the groups R' and R? are connected with the Cor, and the
Cor, directly or via a spacer selected from the list con-

1
O H. O
N O O g
(6] (6]
2
OOO O
O O O g
(6]
3
O
A~~~
6]

sisting of aryl, —C(O)—, —C(0)O—, —C(O)—
NH—, —(SO,)NH—, —O—, —CH,0—, —NH—,
>N—, and any combination thereof;

mis 1,2, 3or4,;

nis0,1,2,3or4,;

X' and X* are modifying groups which modify energy
levels HOMO and LUMO of the polycyclic cores Cor,
and Cor,;

pis 0,1, or 2; and

qis 0,1, or 2;

wherein the organic compound is configured to absorb
electromagnetic radiation in at least one predetermined

w
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spectral subrange within a wavelength range from 400 to
3000 nm with excitation of electron-hole pairs and dis-
sociation of excited electron-hole pairs; and

wherein the polycyclic core Cor,, the bridging group B,
and the polycyclic core Cor, form a molecular system
Cor,-B-Cor,-B-Cor,, wherein either Cor, is a donorand
Cor, is an acceptor or Cor, is an acceptor and Cor, is a
donor.

2. An organic compound according to claim 1, wherein the
modifying groups X' and X? are each independently selected
from the list consisting of H, Cl, Br, F, OH, NO,, NO, and
NH,.

3. An organic compound according to claim 1, wherein at
least one of the Cor, and the Cor, comprises hetero-atoms
selected from the list consisting of nitrogen, oxygen, sulfur,
and any combination thereof.

4. An organic compound according to claim 1, wherein the
Cor, possesses a symmetry ofthe C, ,or D, space group, and
the Cor, possesses a symmetry of the D,,, space group.

5. An organic compound according to claim 1, wherein the
molecular system Cor,-B-Cor,-B-Cor, possesses a symme-
try of the D,,, space group.

6. An organic compound according to claim 1, wherein
energy levels of the donors correlate with energy levels of the
acceptors according to the following conditions:
HOMO ,<HOMO,<LUMO -1 eV and LUMO_<LUMO,,.

7. An organic compound according to claim 1, wherein the
Cor, is perylene diimide, the Cor, is the acceptor, the bridging
group B is selected from the list consisting of phenyl and
biphenyl, the Cor, is the donor, and the energy levels
HOMO,, and LUMO,, satisfy the following conditions: —6.0
eV<HOMO,<-5.5 eV and -4.0 eV<LUMO,,.

8. An organic compound of the general structural formula
I:

@

where Cor, is a polycyclic core of afirst type, selected from
the list consisting of structures 6, 7, 12, 17, 18 and 20:

S280%9
|
o{ﬁiﬁiﬁ}o
929020
|
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B is a bridging group providing a bond of the polycyclic
core Cor,; with the polycyclic core Cor, via covalent
chemical bonds, wherein the bridging group B is
selected from the list consisting of phenyl and biphenyl;

R! and R? are molecular groups that are each independently
selected from list consisting of linear and branched (C, -
Css)alkyl, (C,-Cs5)alkenyl, and (C,-C;5 )alkinyl, substi-
tuted alkyl, substituted aryl, and any combination
thereof;

mis1,2,3or4,
nis0,1,2,3 or4,

X! and X* are modifying groups which modify energy
levels HOMO and LUMO of the polycyclic cores Cor,
and Cor,;

pis 0,1, 0r2; and

qis 0,1, or 2;

wherein the organic compound is configured to absorb
electromagnetic radiation in at least one predetermined
spectral subrange within a wavelength range from 400 to
3000 nm with excitation of electron-hole pairs and dis-
sociation of excited electron-hole pairs; and

wherein the polycyclic core Cor,, the bridging group B,
and the polycyclic core Cor, form a molecular system
Cor,-B-Cor,-B-Cor,, wherein Cor, is donor and Cor, is
an acceptor,

wherein and the energy levels HOMO,, and LUMO,, sat-

isfy the following conditions: —6.0 eV<HOMO,<-5.5
eV and -4.0 eV<LUMO,,,

and wherein the organic compound is selected from the list
consisting of structures 21, 22, 23, 24, and 26:

21
OR,

OR;

O

/
S
0 ~

OR;
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and wherein Cor, is
Xis Cl or Br.

10. An organic compound of the general structural formula
I:

50 o) o)

9. An organic compound according to claim 1, wherein the
organic compound is soluble in solvent selected from the list
consisting of water, water-miscible solvents, ketones, car- N . N
boxylic acids, hydrocarbons, cyclohydrocarbons, chlorohy- I
drocarbons, alcohols, ethers, esters, and any combination g N/ Q \N .
thereof. ’

(6] 1|\1 (6]

60
@

R, R?, R!, 65




US 9,193,727 B2

49

B is a bridging group providing a bond of the polycyclic
core Cor,; with the polycyclic core Cor, via covalent
chemical bonds, wherein the bridging group B is
selected from the list consisting of p-phenylene (Ph,)
oligomer, where p is 1, 2, 3, 4 or 5, 2,7-oligofluorene
(F1,) oligomer, where s is 1, 2,3, or 4, and alkylen groups
—(CH,),—, wherejis 1,2, 3, or 4;

R' and R? are molecular groups that are each independently
selected from list consisting of —COOH, —SO;H,
—H,P0,, linear and branched (C,-C;5)alkyl, (C,-C;5)
alkenyl, and (C,-C;;)alkinyl, substituted alkyl, substi-
tuted aryl, and any combination thereof;

mis 1,2, 3or4,;

nis0,1,2,3or4,;

X' and X* are modifying groups which modify energy
levels HOMO and LUMO of the polycyclic cores Cor,
and Cor,;

pis 0,1, or 2; and

qis 0,1, or 2;

wherein the organic compound is configured to form rod-
like supramolecules and to absorb electromagnetic
radiation in at least one predetermined spectral subrange
within a wavelength range from 400 to 3000 nm with
excitation of electron-hole pairs and dissociation of
excited electron-hole pairs; and

the polycyclic core Cor,, the bridging group B, and the
polycyclic core Cor, form a molecular system Cor,-B-
Cor,-B-Cor,, wherein either Cor, is a donor and Cor, is
an acceptor or Cor, is an acceptor and Cor, is a donor.

11. An organic compound according claim 10, wherein the

groups R' and R? are connected with the Corl and the Cor2
directly or via a spacer selected from the list consisting of

50
NH—, —O—, —CH,O0—, —NH—, >N—, and any combi-
nation thereof.

12. An organic compound according to claim 10, wherein
the modifying groups X' and X? are each independently
selected from the list consisting of H, Cl, Br, F, OH, NO,, NO,
and NH,.

13. An organic compound according to claim 10, wherein
the Cor, possesses a symmetry of the C, or D, space group,
and the Cor, possesses a symmetry of the D,,, space group.

14. An organic compound according to claim 10, wherein
the molecular system Cor,-B-Cor,-B-Cor, possesses a sym-
metry of the D, space group.

15. An organic compound according to claim 10, wherein
energy levels of the donors correlate with energy levels of the
acceptors according to the following conditions:
HOMO ,<HOMO,<LUMO,, -1 eV and LUMO <LUMO,,.

16. An organic compound according to claim 10, wherein
the organic compound is soluble in solvents selected from the
list consisting of water, water-miscible solvents, ketones, car-
boxylic acids, hydrocarbons, cyclohydrocarbons, chlorohy-
drocarbons, alcohols, ethers, esters, and any combination
thereof.

17. An organic compound according to claim 1, wherein
the compound forms rod-like supramolecules.

18. An organic compound according to claim 8, wherein
the organic compound is soluble in solvent selected from the
list consisting of water, water-miscible solvents, ketones, car-
boxylic acids, hydrocarbons, cyclohydrocarbons, chlorohy-
drocarbons, alcohols, ethers, esters, and any combination
thereof.



